Purpose: For screening to make an impact on prostate cancer mortality, detection of potentially lethal cancers at an early stage when they are low volume should result in improved recurrence and death rates after treatment.
INTRODUCTION
Over the past 10-15 years, wide application of PSA screening has resulted in significant prostate cancer stage migration and decreased size and stage of incident cancers in radical prostatectomy series [1] . Since 1992, the number of prostate cancer deaths has also decreased significantly. However, in the absence of randomized trials, it is unknown whether screening can be credited with the decline in prostate cancer mortality rates. Prostate cancer death rates have dropped in parallel with those of lung and colon cancers, and it is possible that other factors, such as decreases in the incidence of smoking or changes in diet, account for most or all of these improvements.
While the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial and European Randomized Study of Screening for Prostate Cancer (ERSPC) trials address directly whether prostate cancer screening can reduce deaths, recent studies have raised questions whether screening programs can impact cancer death rates [2, 3] . Lung cancer screening by spiral CT scans of the chest does increase *Address correspondence to this author at the Department of Urology, Room S287, Stanford University Medical Center, 300 Pasteur Drive, Stanford, CA 94305-5118, USA; Tel: 650-725-5546; Fax: 650-723-4200; E-mail: jdbrooks@stanford.edu Supported by the National Institutes of Health grant CA111782 and a Stanford University Bio-X Interdisciplinary Initiatives Award detection of low volume, stage 1 cancers and the number of surgeries performed [4] . However, screening is not associated with a decrease in the absolute numbers of lung cancer deaths, presumably because the potentially lethal cancers have already metastasized by the time they are discovered [5] . Furthermore, lung cancer screening appears to detect a subset of "incidental" lung cancers that will never kill the patient and do not require treatment. Therefore, detection of high risk lung cancers at a low stage and volume might not be effective at reducing death, but does increase the number of apparently unnecessary surgeries. Could the same be true of prostate cancer?
The clinical features of high risk and potentially lethal prostate cancers are well understood and include high Gleason grade, markedly elevated pre-treatment serum PSA levels, advanced stage and high tumor volume. Recently, several studies have refined the definition of high risk prostate cancers. The percentage of Gleason's grade pattern 4 and 5 has been demonstrated to outperform simple expressions of the Gleason sum in predicting treatment outcome [6] . In addition, several large series have shown that pre-treatment PSA velocity identifies patients at high risk for treatment failure and death after local therapy while absolute PSA level does not [7] [8] [9] . Since prostate cancer screening has been associated with significant declines in tumor volume, the question arises whether smaller volumes in high risk cancers are associated with better outcomes [1] . Stated an-other way, are there lethal forms of prostate cancer for which tumor volume will not influence outcome and screening will not be effective? To evaluate whether tumor volume influences outcome, we analyzed its relationship to recurrence and prostate cancer death after radical prostatectomy, focusing on patients with high-risk features.
PATIENTS AND METHODS

Patient Population
Included in this study were 789 patients who had signed an informed consent approved by our Institutional Review Board that allowed collection clinical and pathological data. All patients had undergone radical retropubic prostatectomy for clinically localized prostate cancer between 1984 and 2004. Patients were excluded who had undergone transurethral resection of the prostate pre-operatively (8) or had been treated with neoadjuvant hormonal therapy (17). All patients were followed at approximately 6 month intervals with serum PSA determinations. Biochemical failure was defined by a serum PSA >0.07 ng/ml and rising on subsequent determinations. Review of death certificates, direct contact of the patients' families, or review of the medical record confirmed prostate cancer specific death in 24 patients. Preoperative PSA velocity (PSAV) was calculated using a simple linear regression on two or more values obtained prior to diagnosis as described previously [9] . Of the 764 patients, 159 had 2 or more pre-operative PSA values for calculation of PSAV. Patient characteristics are summarized in Table 1 .
Values that appeared to be normally distributed were reported as means ± standard deviation (SD), and those with a skewed distribution were reported as medians with interquartile ranges.
Pathological Evaluation
Radical prostatectomy specimens were fixed for 24 hours by perfusion with 10% formalin, and processed at 3 mm intervals as described previously [6] . Tumor volume was determined by computer planimetry, a method that has been demonstrated to provide the most accurate assessment of tumor volume [10] . Tumor volume was measured on the 
Statistical Analysis
Associations between clinical and pathological variables were tested by Pearson correlation. Univariate and multivariate Cox proportional hazards models were used to evaluate the relationships between the clinical and pathological variables and disease recurrence or prostate cancer death. Survival analysis was performed using the Kaplan Meier and log rank tests. Statistical tests were all two-sided. All statistical analyses were carried out in R package, version 2.4.1.
RESULTS
To understand the importance of volume on outcome after radical prostatectomy, we tested its effects on recurrence and prostate cancer specific death in the context of other known determinants of outcome including percentage Gleason grade 4/5, presence of extracapsular extension, surgical margin status, lymph node involvement, seminal vesicle involvement, pre-operative serum PSA levels and preoperative PSA velocity. Since traditional Gleason grading (or Gleason sum) is not independent of percentage 4/5 and shows poorer performance in predicting outcome, we did not include it in this analysis [6] . Likewise, we did not include pathological stage since we analyzed independently the variables encompassed in staging (seminal vesicle invasion, lymph node metastasis, extracapsular extension). Table 2 shows a correlation matrix of the clinical and pathological parameters. Although there was only modest correlation between any two variables, it is notable that the correlation between tumor volume and pre-operative serum PSA levels was the greatest. Regardless, the small to modest correlations between parameters means that associations of any single variable with outcome should be interpreted with caution, particularly at borderline p values.
In univariate analysis, all seven clinical and pathological variables were highly associated with time to recurrence after radical prostatectomy, as expected (all p < 0.0001, Table  3 ). When all variables were included in the model, volume, percentage Gleason grade 4/5, positive surgical margins, extracapsular extension and lymph node involvement were associated with time to recurrence, while seminal vesicle invasion and pre-operative PSA levels were not ( Table 4 ). In step-wise regression, only pre-operative PSA did not contribute to the model. Compensation for the skewed distribution of PSA and volume by log transformation did not appreciably affect performance of the models or the variables included.
To better understand the effects of volume on recurrence after radical prostatectomy, we divided the cohort into those with little Gleason grade 4/5 cancer (<5%), moderate amounts (5-49%) and high amounts ( 50%). These values were selected based on an analysis of a subset of these patients showing highly favorable outcomes for all patients with little grade 4/5 cancer, and high recurrence rates that remained constant in patients after the percentage of grade 4/5 cancer exceeded 50% [6] . As seen in Fig. 1 , volume was highly predictive of outcome in high risk (grade 4/5 50%, p <0.0001, log rank test) and intermediate risk tumors (grade 4/5 5-49%, p < 0.0001, log rank test). Volume did not predict recurrence in low grade cancers (p = 0.08, log rank test), possibly due to the low rate of recurrence in these patients. A similar lack of association between volume and recurrence for low grade cancers has been reported recently [11] .
Several studies have found PSAV > 2 ng/ml/yr as a critical cut-off for defining patients at high risk for recurrence after local therapy or death from prostate cancer [7] [8] [9] . We were able to calculate pre-operative PSAV on a subset of 159 patients in our study. This subset matched the rest of the study population in the distribution of clinical and pathological parameters except that no patients with positive lymph nodes were included. As we reported previously, PSAV predicted time to recurrence, both as a continuous and categorical (i.e. using a 2 ng/ml/yr cut-off) variable [9] . In multivariate analysis, PSAV remained a significant predictor of time to failure as did percentage grade 4/5 and the presence of extracapsular extension. After exclusion of PSA, extracapsular extension, surgical margins, and seminal vesicle invasion from the model, tumor volume (p < 0.01), percentage grade 4/5 (p < 0.001) and PSAV > 2 (p < 0.001) all predicted failure. Interestingly, for patients with PSAV > 2, tumor volume was highly predictive of outcome (p < 0.05, log rank test), while for those with PSAV < 2, volume was not (p = 0.5) (Fig. 2) . Therefore, for high risk individuals, defined by PSAV > 2, high tumor volume again was predictive of an adverse outcome, while in lower risk individuals, it was not.
In the full cohort of 764 patients, 24 died of prostate cancer after radical prostatectomy (median time to death 105 mos., range 28 -202 mos.). Tumor volume, percentage grade 4/5, seminal vesicle invasion, extracapsular extension, lymph node metastasis, positive surgical margins and preoperative PSA were all associated with time to death in univariate analysis ( Table 5) . In multivariate analysis, only volume (p = 0.0004), percentage grade 4/5 (p = 0.01) and positive surgical margins (p = 0.01) were associated with death (Table 6) . Again, log transformation of tumor volume and PSA did not change the results appreciably.
Step-wise regression confirmed that only tumor volume (p < 0.001), percentage grade 4/5 (p < 0.001) and positive surgical margins (p = 0.003) were significantly associated with death. Furthermore, Kaplan-Meier analysis of the patients with moderate and high risk cancers (grade 4/5 > 5%) showed that increasing volume was highly predictive of death due to prostate cancer after radical prostatectomy (p = 0.0003, Log rank test) (Fig. 3) .
DISCUSSION
Cancer volume is a powerful predictor of outcome after radical prostatectomy, particularly in men with moderate and high risk prostate cancers. In men with high risk features, defined by Gleason grade 4/5 > 50% or preoperative PSAV > 2 ng/ml/year, tumor volume showed a highly significant association with time to treatment failure. Furthermore, moderate to high risk prostate cancers (grade 4/5 > 5% or Gleason grade 7 and above) showed a strong association between increased tumor volume and prostate cancer specific death. These findings imply that screening procedures that detect moderate and high-risk cancers at lower volumes will decrease recurrences after surgery and improve prostate cancer death rates. Therefore, the decrease in incident tumor volume over the past 2 decades strongly suggests that screening has played a significant role in the decrease in prostate cancer deaths [1] . 
Fig. (2).
Kaplan-Meier analysis representing time to recurrence after surgery for tumor volume stratified by pre-operative PSA velocity (PSAV). A cut-off value of PSAV of 2 ng/ml/yr was selected since it has been previously defined as highly prognostic for prostate cancer recurrence and prostate cancer specific death (see text). Tumor volume was divided into tertiles as in Fig. (1) and each tick mark represents a censored value. Tumor volume was predictive of time to recurrence for patients with pre-operative PSAV > 2 (p < 0.05, log rank test), but not for those with low PSAV < 2 (p = 0.5). Unfortunately, our data also suggest that detection of high-risk cancers when they are low volume will not eliminate prostate cancer deaths. Some patients with relatively low tumor volumes still suffer recurrences and death after treatment. For example, 3 of 310 patients with tumor volumes less than 2cc eventually died of prostate cancer, including an individual with a preoperative PSA of 4.54 ng/ml, a tumor volume of 0.29 cc, and only 40% grade 4/5. These observations suggest that there might be a small subset of cancers that are highly aggressive early in their course and not curable by local therapy, even when they are discovered at a relatively small volume. It is also possible that there are host, environmental (e.g. immune function, diet) or stochastic factors that contribute to the progression of some cancers. These small lethal tumors could not be identified by clinical measures of aggressiveness currently in use, such as grade, stage or PSA level. New approaches will need to be developed to better define, detect and treat this subset of cancers.
Since tumor volume is a powerful predictor of outcome, it is important to consider how potentially aggressive tumors can be discovered at a low enough volume to be curable. Over the course of this study, most cancers were detected due to an abnormal rectal examination or serum PSA >4 ng/ml, and mean tumor volume decreased from 5.2 cc to 2.1 cc. However, it is unknown whether continued application of this screening strategy or modified strategies will result in further volume decreases in high risk cancers. For instance, it is well known that high-grade cancers often produce less PSA per volume of cancer tissue, meaning that they are discovered at a relatively high volume when treatments are less effective. In the Prostate Cancer Prevention Trial, 67 of 449 (14.9%) cancers diagnosed at the end of study biopsy showed moderate and high-risk features despite normal PSA levels and rectal examinations [12] . Although more patients would have been captured if a PSA level of 2.5 ng/ml rather than 4.0 ng/ml were used, a significant number of moderate and high risk tumors would have gone undetected, allowing these tumors to grow and worsening chances for a favorable outcome. More questions surround the use of PSA velocity for identifying patients with high risk disease. Longitudinal studies have shown that PSA rises as little as 0.35 ng/ml/yr can be associated with prostate cancer death [13] , yet practical application of such PSAV cut-offs is confounded by the significant overlaps in PSAV for future localized (and potentially clinically indolent) prostate cancers and benign prostate diseases, especially considering the inherent noise in PSA determinations. In addition, it is unknown whether ap-plying PSA velocity screening standards will lead to detection of high-risk tumors when they are low volume, or whether velocity-based screening methods are even practical, given the current confusion surrounding PSA testing in the medical community. Finally, altering existing screening procedures to detect cancers at smaller volumes carries with it considerable risks, since significantly more men with clinically indolent cancers will be discovered and treated unnecessarily.
There are several limitations to our study that deserve mention. The improvements in rates of recurrence and survival in low volume cancers might simply reflect lead-time bias. Were that true, we would expect to see a shift of time to recurrence to a later date in our small volume cancers, which we have not observed over the relatively long follow-up of this study. It is also possible that the low volume cancers are enriched for tumors of indolent phenotype. However, the greatest benefit of low tumor volume was observed in the cohort harboring the highest risk tumors -those with high PSAV and high percentage grade 4/5. Somewhat surprisingly, tumor volume had little influence on the incidence or timing of recurrence in the patients with low risk features (i.e. grade 4/5 <5% and PSAV< 2 ng.ml/yr) arguing against a lead-time bias or differences in phenotype, at least in this group. The differences in the effects of tumor volume on outcome between low and high risk cancers is not surprising in light of studies of watchful waiting compared to surgery where the greatest treatment benefits were observed in patients in the high risk cohort [14] . Furthermore, in a randomized trial of watchful waiting and surgery in which most patients had moderate to high risk disease, surgical treatment was associated with an absolute risk reduction of death from any cause of 5% and an absolute decrease in metastatic disease of 10.2%, compared with 10 years of observation during which time tumor volume certainly increased significantly [15] . These studies suggest that increased volume in moderate and high risk cancers is associated with poorer survival.
Together, these observations strongly suggest that screening methods that increase detection and treatment of moderate and high risk tumors when they are at low volume will increase prostate cancer specific survival. However, the finding of little or no benefit in either disease recurrence or survival for low risk cancers argues strongly against indiscriminate detection and treatment of all prostate cancers. Clearly, better screening tools are needed to identify tumors that are potentially lethal. At the very least, better prognostic tools are needed for the tumors detected by current screening practices. What types of tools are likely to be helpful? Since Gleason score and tumor volume are the most powerful predictors of outcome in our series, imaging tools to estimate tumor size and Gleason grade in the entire tumor would be one possibility. However, size and grade do not capture the entire tumor phenotype, and it will be necessary to develop molecular biomarkers that predict outcome independent of grade, size and other clinical features. 
CONCLUSIONS
In moderate and high risk patients, tumor volume is highly associated with prostate cancer recurrence and prostate cancer specific death. Since the widespread application of prostate cancer screening has resulted in a decrease in tumor volume over time, one possible explanation of the decrease in prostate cancer deaths in North America is early detection of moderate and high risk tumors when they are more amenable to definitive local therapy. 
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